Introduction
Dye-sensitized solar cells (DSSCs) are low-cost solar cells that consist of a photosensitized TiO 2 anode, liquidiodide-based electrolyte and platinum cathode and have achieved great successes during the past 20 years [1, 2] . In DSSCs, the dye molecule attached to the semiconductors (usually TiO 2 , ZnO, etc.) absorbs a photon to generate an exciton, and then the charge separation is completed Considering the above-mentioned challenges and issues, herein we present a facile method for constructing hierarchical sponge-like structures as photoanodes for DSSCs while using the novel D−A−π −A-type WS molecule as a sensitizer. The TiO 2 photoanode was fabricated through a one-step templating route involving ternary colloidal spheres and assembling with aqueoussoluble titanium (IV)-bis-lactato-bisammonium dihydroxide (TiBALDH). The ternary colloidal templates ensure that the obtained materials have less ordered structures than normal inverse opal photoanodes but with much stronger light-harvesting capability in the wide spectrum [23, 28] . The path length of a photon inside the photoanode and, consequently, the absorption of a dye molecule can be increased by strong light scattering inside the TiO 2 electrode. The dye molecule with wide spectral absorbance and excellent stability can fully exploit the potential light-harvesting capability of the photoanode. This synergistic improvement will give rise to substantial enhancements of conversion efficiency and promote the practical exploration of DSSCs in the future.
Material and methods (a) Materials
Hydrochloric acid, acetic acid and ethyl alcohol were purchased from Sinopharm Chemical Reagent Co. Ltd. Titanium tetrachloride was obtained from Aladdin. TiBALDH (25 wt% aqueous solution) was obtained from Sigma-Aldrich. All chemicals were used as received without further treatment. Ultrapure water (18.3 MΩ cm −1 ) was used in all the experiments. The WS dye was synthesized in a straightforward manner using the traditional Knoevenagel reaction with relatively high yield. The detailed procedure can be found in the experimental section of [27] . Monodisperse core-shell poly-(St-MMA-AA) colloidal spheres were synthesized by emulsifierfree batch emulsion polymerization using our previously reported modified method [29] .
(b) Fabrication of TiO 2 photoanode
Fluorine-doped tin oxide (FTO) substrates (2.5 × 1.5 cm) were cleaned by sonication in water, acetone and ethanol for 15 min, respectively, and then dried with nitrogen. The as-purchased aqueous-soluble TiO 2 precursor (TiBALDH) was diluted to 2.5 wt% and used in the following experiment. The FTO substrates were placed into vials containing the colloidal sphere solution and a certain amount of diluted TiBALDH and kept under constant temperature and humidity (60 • C, 60%) for 24 h. The as-obtained film grown on the FTO conductive side was calcined in a muffle furnace with controllable heating. The film grown on the non-conductive side was scratched off the substrate using a blade. During the calcination process, the polymer templates were burned out, and TiO 2 nanoparticles crystallized. TiO 2 films were then subjected to TiCl 4 treatment for 30 min at 70 • C in order to avoid the bare substrate, and, subsequently, the freshly treated TiO 2 was reheated to 450 • C and stabilized for another 30 min. After cooling to 100 • C, TiO 2 photoanodes were then carefully immersed into the solution of WS dye in dichloromethane and then placed in a desiccator. All samples were sensitized for 24 h at room temperature. After rinsing repeatedly with dichloromethane, the sensitized TiO 2 photoanode was obtained. The nanocrystalline samples were fabricated by the same procedures. The electrolyte was composed of 0.5 M LiI, 0.05 M I 2 , 0.5 M tert-butylpyridine and 0.6 M 1-propyl-3-methylimidazolium iodide in 3-methoxypropionitrile. For cell assembly, a drop of the above redox electrolyte was pipetted onto the dye-sensitized sample area, and the platinum plate counter-electrode was carefully placed on it and fixed onto the home-made test platform for photovoltaic characterization. solar simulator (CMH-250; Aodite Photoelectronic Technology Ltd, Beijing, China). Incident monochromatic photon-to-electron conversion efficiency (IPCE) spectra were obtained with an Oriel-74125 system (Oriel Instruments). The light intensity was calibrated by a standard crystalline silicon solar cell (the 18th Research Institute of Electronics Industry Ministry, China). The active area of the solar cell was 0.20 cm 2 . The efficiency of the DSSCs was averaged over three samples treated simultaneously.
(d) Characterization
Scanning electronic microscopy (SEM) images were taken by a JEOL FE-SEM 6700F microscope operating at 3.0 kV. Transmission electronic microscopy (TEM) images were obtained on a JEOL JEM-2010 transmission electron microscope operating at 200 kV. Samples obtained by scratching the films from the substrate for TEM measurements were dispersed in ethanol. Carbon-coated copper grids were used as the sample holder. X-ray diffraction (XRD) patterns were collected on a Rigaku D/MAX 2500 X-ray powder diffractometer using high-power Cu−Kα radiation. Reflective spectra were retrieved from a Shimadzu UV-2450 UV-visible spectrophotometer. The samples for the surface area measurement were scratched off from the substrates and collected for surface area measurement. Materials (15-20 mg) were used for the surface area measurement. Nitrogen adsorption-desorption isotherms were obtained on a Micromeritics ASAP 2020 analyser at −196 • C. Prior to the measurements, the samples were degassed at 250 • C for 10 h. The Brunauer-Emmett-Teller (BET) method was used to calculate the specific surface area.
Results and discussion (a) Characterization of hierarchical TiO 2 photoanode
In the experiment, three monodisperse colloidal spheres with diameters of 160, 300 and 700 nm were co-assembled with the aqueous-soluble TiO 2 precursor (TiBALDH) on an FTO substrate under constant temperature and humidity. The hierarchical TiO 2 photoanode was derived from ternary colloidal spheres, which was previously termed 'photonic glass' [30] . The colloidal composition ratios and the amount of TiO 2 precursor varied for different samples, as illustrated in table 1. Different colloidal template compositions will lead to different morphologies of the photoanode. The surface areas of the photoanodes with single pores were calculated to be 60, 30 and 12.2 m 2 g −1 , respectively. The addition of the TiO 2 precursor into the assembly solution affects the film thickness and filling fraction of TiO 2 in the photoanode. The optimum composition should be selected for the photoanode design.
After removal of the colloidal spheres through oven calcination in air, three types of pores (with sizes of 100, 200 and 490 nm), which are about 70% of the size of their original templates owing to the sol shrinkage and polymer collapse, can be obtained [31] . Figure 1 illustrates the SEM characterizations of the hierarchical photoanodes that were obtained (photoanode sample 5 (PS-5) is shown as an example). The low-magnification planar view indicates that the upper surface of the TiO 2 sample is very smooth, and that there is a thin overlayer on top of the hierarchical porous structure because of the excess of the TiO 2 precursor (TiBALDH) in the mixed assembling solutions [32] . The surface overlayer may render the photons incident onto the interface of the overlayer and scatter them back into the interior of the photoanode and therefore enhance the light absorbance of the dye attached to TiO 2 [33, 34] . From the high-magnification planar view in figure 1b, the granular morphology can be clearly observed, and several pores derived from the colloidal sphere templating are also easily recognized. Pores with different sizes can be clearly recognized from the lateral view in figure 1c. pores indicated in figure 1c,d, which are labelled with arrows and circles, respectively. The quasiclosed pores might be beneficial for light harvesting in DSSCs owing to the resonance effect of the photons in the pores [10] . The TiO 2 inverse opal films derived from the single colloidal sphere template were also fabricated for reference, as illustrated in the electronic supplementary material, figure S1 [35] . photoanode for the dye attachment [36] . Apparently, the photoanode film on the FTO substrate is not continuous and compact because of the presence of numerous cracks, which form 'island'-type morphologies, as illustrated in figure 1a . However, there is no bare FTO substrate in the photoanode as a result of the TiCl 4 coarsening treatment. The cracks are derived from tension contraction during colloidal drying and the template removal process, which may be eliminated through the adoption of a plastic substrate in future work [37] . TEM was also used to investigate the structure of the TiO 2 photoanode. Figure 2a illustrates that PS-5 consisted of nanoparticles with size of about 6 nm. High-resolution TEM (HRTEM) in figure 2b indicates that the lattice spacing is 0.35 nm, which is assigned to the (101) plane of anatase. The XRD pattern in figure 2c indicates that TiO 2 was assigned to anatase (JCPDS file no. 21-1272), which is beneficial for the charge transfer in a solar cell. Furthermore, the BET surface area of the photoanode is 57 m 2 g −1 , which was calculated from the N 2 adsorption isotherm plot. The surface area is derived from the pores generated by the nanoparticle aggregation process and can be further enhanced through the introduction of mesopores directing the agent in future work.
(b) Spectral characterization and Mie scattering calculation
The absorbance spectra of the sensitized photoanodes were measured and are shown in figure 3a .
The molecular structure of the D−A−π −A-type dye is illustrated in figure 4 . The dye absorbance of PS-2 and PS-5 was stronger than that of the nanocrystalline TiO 2 reference, which can be distinguished from the absorbance peak intensity. The hierarchical porous structures are thought to localize the photons in a very broad optical range and promote the absorbance of the dye.
The larger pores can act as scatter centres for the incident light, whereas the introduction of two smaller pores into the hierarchical structures can provide more adsorption sites for the dye than the existing system, which has only larger pores. The improved absorbance is especially in the long-wavelength region, which is ascribed to the strong light-scattering properties owing to the introduced structuring effect. The light scattering derived from the large-pore cavities in the photoanode matches the long-wavelength spectral response of the organic dye, which would enhance the light absorbance of the dye molecule. Simultaneously, tuning the photoanode morphology and designing a proper dye will maximize the light energy conversion efficiency. The hierarchical pores with interconnected structures also facilitate the electrolyte diffusion efficiency in the DSSC electrode. Therefore, it is expected that PS-5 will show high efficiency. In order to verify the above speculation, the light scattering was evaluated by the Mie scattering theory [38] . Because the absorbance of TiO 2 in the dye absorbance spectrum range is negligible, the extinction cross section is thought to be equal to the scattering cross section. The Mie theory is applicable to the scattering caused by a single sphere. Our system is approximately a hollow sphere surrounded by the TiO 2 medium, with electrolyte infiltrating in the air sphere. According to the Mie theory, effective Mie scatterers are particles with sizes in the range of light wavelength. For the 490 nm pore, the size is comparable to the scattering photon wavelength. However, the two smaller pores could not fulfil the condition of Mie scattering. The corresponding extinction cross sections are also negligible. The extinction (= light scattering + absorption) cross section is calculated according to the Mie scattering theory [39] [40] [41] . The extinction cross section as a function of wavelength for single pores is illustrated in figure 3b . The extinction cross sections at 652 nm wavelength (the tail of dye absorbance) for 490, 200 and 100 nm pores are 0.4162, 0.0345, 0.0019 μm 2 , respectively. As seen from figure 3b, the extinction cross section is especially high in the long-wavelength range of dye absorbance, and the extinction cross-section peak of the 490 nm pore coincides with the long tail of dye absorbance. The wavelength range where dye absorbance is stronger can also be promoted by the wide scattering spectral range of the pores, also illustrated in figure 3b. The pore size of 100 and 200 nm was much smaller than the scattering photon absorbance by the dye, and the corresponding Mie scattering cross sections are negligible, as illustrated in the electronic supplementary material, figure S1 . However, the existence of smaller pores is indispensable and serves the purpose of improving the surface area and adsorption sites in the hierarchical structure. The extinction spectrum of PS-5 was measured and is illustrated in the electronic supplementary material, figure S2. Because TiO 2 does not absorb light in the visible range, the light extinction in the visible region can most likely be attributed to light scattering. Therefore, the small pores used here are indispensable for the high dye loading, whereas the 490 nm pore is responsible for the high light harvesting in the whole available spectral range. A previous study has shown that the introduction of large pores can enhance the light absorbance in the wide spectral range, similar to our results [42] .
(c) I-V plots characterization and IPCE of DSSCs figure 5a , and the solar cell parameters such as η, J sc , V oc and ff are summarized in table 2. The solar simulator was used as the illumination light source, and the light intensity was 100 mW cm −2 . The maximum solar cell efficiency reached 5.02% for PS-5. The efficiency of PS-1 (using 160 nm latex templates; table 1), PS-2 (using 300 nm latex templates; table 1) and PS-3 (using 700 nm latex templates; table 1) was 3.01%, 3.14% and 1.6%, respectively. These three photoanodes possess ordered porous structures owing to the single colloidal crystal templating (as illustrated in the SEM images in the electronic supplementary material, figure S1a-c). Owing to their ordered and periodic porous structures, a stop band reflectance can be expected from the three inverse opal photoanode films (see electronic supplementary material, figure S1d). As mentioned above, the inverse opal-type photoanode only achieved low solar energy conversion efficiency without exception in this study. But, the efficiency achieved here is still a little higher than that of some previous reports on TiO 2 inverse opal-type photoanodes [13] . Blending the ternary colloidal spheres together to act as templates, a hierarchical structured photoanode can be obtained after burning out the polymer templates and higher efficiency can consequently be expected. The overall conversion efficiency (η) is calculated using the equation
where P is the input power density of the solar simulator (100 mW cm −2 ). For PS-4 (derived from 0.84 ml TiBALDH and 0.6 g latex templates of 160 : 300 : 700 nm = 1 : 1 : 1), the efficiency is 4.3%, higher than all the first three photoanodes, but lower than PS-5. The difference in the amount of TiO 2 precursor between PS-4 and PS-5 accounts for the efficiency difference. For PS-6 (derived from 1.12 ml TiBALDH and 0.8 g latex templates of 160 : 300 : 700 nm = 1 : 1 : 1), the amount of colloidal template is higher than that of the PS-5 (0.8 versus 0.6 g; table 1). Increasing the amount of the colloidal template while keeping the amount of TiBALDH constant, a hierarchical structure with lower filling fraction than PS-5 can be obtained. The thickness of PS-6 increased owing to an increase in the amount of colloidal template. Because of the increase in internal electrical resistance and the obstruction of light transmission into the photoanode, the efficiency decreased to 4.26%. For PS-7 (derived from 0.6 ml TiBALDH and 0.84 g latex templates of 160 : 300 : 700 nm = 2 : 2 : 1), the amounts of the colloidal template and the TiBALDH are the same as those of PS-5, whereas the composition ratio between the three colloidal templates varies. The ratio between the three colloidal templates (160 : 300 : 700) changed from 1 : 1 : 1 in PS-5 to 2 : 2 : 1 in PS-7. The percentage of 700 nm colloidal template in the colloidal sphere composition decreased. Consequently, the percentage of 490 nm porous cavities derived from 700 nm colloidal spheres in the final hierarchical structures also decreased. Considering the high contribution of 490 nm porous cavities to the light scattering in the photoanode, the light-harvesting capability of the PS-7 is weakened, and the efficiency consequently decreased to 4.38%. The photoanode without large pores was also fabricated as a reference and assembled as a cell for photovoltaic measurement. The efficiency of the reference cell was 2.91%, lower than the optimum value of PS-5. Therefore, we concluded that the geometry variation contributes to the light trapping and consequently leads to high conversion efficiency.
The photocurrent density reached 13.89 mA cm −2 for PS-5 and improved by 7% relative to the previously reported data of the same dye molecule but with a much thicker photoanode. The improved photocurrent density is ascribed to the introduced nanostructures, which serve the purpose of enhanced light harvesting. The decrease in the voltage compared with our previous work is also noted [27] ; however, this was thought to originate from the apparent cracks in the current photoanode and also from the different electrolyte compositions used in the two studies. Table 2 shows the photovoltaic parameters, including the short-circuit photocurrent density (J sc ), the open-circuit voltage (V oc ) and the fill factor (ff ) of DSSCs using different TiO 2 nanostructures as the photoanode. It is observed that PS-5 derived from the optimum colloidal composition gives much higher performance than those samples with single colloidal sphere templates and non-optimum compositions.
The IPCE is related to the light-harvesting performance of the sensitizer and is performed to investigate the light energy conversion across the spectrum. The IPCE can be defined as the number of photon electrons in the external circuit divided by the number of incident photons as where LHE(λ) is the light-harvesting efficiency at wavelength λ, ψ inj is the quantum yield for electron injection from the excited sensitizer in the conduction band of the TiO 2 , and ψ coll is the efficiency for the collection of electrons. The IPCE spectrum of PS-5 is similar to the absorption spectra of the WS organic sensitizer, indicating that the generated photocurrent results from electron injection of the WS dye. The maximum incident monochromatic photocurrent conversion efficiency is about 62% at 550 nm wavelength, which corresponds to the maximum absorbance of the dye and is a little higher than our previous result [27] . The high IPCE value demonstrates that the WS-sensitized hierarchical photoanode for solar cells has good light conversion capability.
(d) Deoxycholic acid treatment
We also added deoxycholic acid to the dye solution during the sensitization process to break the dye aggregates when attached onto the TiO 2 photoanode films [45] . However, the resultant efficiency hardly changed compared with the samples without treatment by deoxycholic acid. The reason is thought to be that the hierarchical porous structure may facilitate the dispersion of dye molecules, without forming dye molecule aggregates. So, the hierarchically spongy photoanodes used here dispense with the deoxyclolic acid treatment procedure.
Conclusions
In conclusion, this work illustrates the synergistic effects of hierarchical sponge-like porous nanostructures and dye molecule design to improve solar cell efficiency, which would lead to enhanced light harvesting and improved dye absorbance and consequently improved efficiency. The optimum hierarchical nanostructure featuring small pores and large pores for light scattering and the good spectral response of the dye concurrently ensure a solar cell with relatively high light energy conversion efficiency. The maximum efficiency (5.02%) was obtained. The work here provides a feasible solution for efficiency improvement through a combination of the effects of the photoanode structures and the dye molecule. The photoanode structures with both strong lightharvesting capability and excellent electron transport properties can complement a well-designed organic dye molecule to achieve maximal efficiency. Further enhancements can be achieved through reducing cracks in the photoanode, introducing a mesoporous structure, replacing the liquid electrolyte with a solid composition and adopting a co-sensitization technique that is compatible with the method presented here.
